Background: The obese-asthma phenotype is not well defined. The aim of this study was to examine both mechanical and inflammatory influences, by comparing lung function with body composition and airway inflammation in overweight and obese asthma.
Background
Obesity and asthma are associated conditions, with obese asthmatics experiencing more severe asthma symptoms, reduced lung function and poorer asthmarelated quality of life, compared to asthmatics of a healthy weight [1, 2] . Although these clinical characteristics are well described, the mechanisms responsible are not understood. The most recent evidence suggests that the obese-asthma phenotype has both mechanical [3] and inflammatory [4, 5] influences, and that these differ between males and females. Excess adipose tissue exerts a mechanical effect on the lungs, whereby fat tissue within the android (abdominal) region reduces the capacity of the diaphragm to shift downward thereby limiting lung inflation [3] . Fat tissue in the thoracic region reduces chest cavity volume and diminishes chest wall movement [3] . Body composition and fat distribution differ between males and females, which may account for some of the sex differences observed in lung mechanics [6] .
The effect of obesity-induced inflammation has also been investigated in asthma and it appears to be sexually dimorphic in nature. We recently reported an increase in neutrophilic airway inflammation in obese asthmatic females compared with non-obese asthmatic females; an observation that was not apparent in males [4] . In addition, previous authors have cited a relationship between asthma incidence and serum leptin in females but not males; and between serum adiponectin levels and poorer lung function [7] .
A number of studies have examined the relationship between BMI and respiratory function impairment, with an association cited by some [8] , but not all [9, 10] authors. These discrepancies are likely due to BMI being a crude marker of obesity that does not account for either the quantity or distribution of fat and lean tissue. This is a critical issue because both adipose and lean tissue exert contrasting mechanical and inflammatory effects. Regional adiposity estimated by skinfold thickness and waist circumference measurement appears to be more consistently related to lung function impairment, particularly within the android and thoracic regions [9, [11] [12] [13] . However, the sensitivity and reliability of skinfold thickness measurement has been questioned, particularly in obese subjects [14] [15] [16] and neither measure accounts for lean tissue. Dual-energy x-ray absorptiometry (DXA) however provides a reliable and superior measurement of body composition by quantifying regional fat and lean tissue (muscle) mass.
The combined mechanical and inflammatory influences of obesity on respiratory function in asthma are not well understood. Therefore, we sought to examine this association within an asthmatic population. We hypothesised that both android and thoracic fat mass and lean mass directly impacts lung function via mechanical influences. We also hypothesised that body composition affects both systemic inflammation and airway inflammation, altering lung function and asthma status independent of these mechanical influences. The aim of this study was to investigate the relationships between lung function and body composition, systemic inflammation and airway inflammation in overweight and obese males and females with asthma. Further, we sought to examine sex-specific differences in these relationships.
Methods

Subjects
Non-smoking overweight and obese (BMI 28-40 kg/m 2 ) males (n = 20) and females (n = 24) with asthma were recruited from John Hunter Hospital, NSW, Australia, prior to commencement in a weight loss intervention. Asthma was defined by doctor's diagnosis and airway hyperresponsiveness to hypertonic saline. Medical records were examined for documented history of airway hyperresponsiveness; in instances where this was not recorded, participants underwent hypertonic saline challenge prior to admission into the study. All subjects were classified as stable with no asthma exacerbation, respiratory tract infection or oral corticosteroid use in the preceding four weeks. Subjects underwent skin allergy testing and completed the Asthma Control Questionnaire (ACQ) [17] . This research was approved by the Hunter New England Human Research Ethics Committee and all subjects provided written informed consent.
Lung Function Tests
Dynamic lung function [forced expiratory volume in one second (FEV 1 ) and forced vital capacity (FVC)] was measured using a KoKo spirometer (POS Instrumentation, Inc, Louisville USA), while static lung function [total lung capacity (TLC), functional residual capacity (FRC) and expiratory reserve volume (ERV)] was measured using a computerised plethysmograph system (Vmax Encore, Sensormedics Corp., Yorba Linda, Ca, USA). These measurements were conducted in accordance with ATS/ERS guidelines [18, 19] .
Anthropometric Measurements
Body weight was determined using calibrated electronic scales (Nuweigh LOG 842, NWS, Newcastle Australia), while participants wore light clothing and no shoes. Height was measured using a wall-mounted stadiometer. Waist circumference was measured using an inelastic tape (Lufkin W606PM Executive Diameter Tape 2 m × 6 mm, Lufkin USA), at the midpoint of the lowest rib and iliac crest [16] . Both height and waist circumference were measured in duplicate, with measurements within 5 mm for height and 10 mm for waist circumference deemed acceptable. All subjects were classified as weight stable, defined as weight maintenance within 5% for the preceding three months.
A total body scan was performed by DXA (Lunar Prodigy Series, GE Medical Systems, Madison USA). Subjects wore light clothing, no shoes and removed unfixed metal objects. Lean mass and fat mass were measured in grams, with %fat calculated as [fat mass/ (lean mass+fat mass) × 100]. The android region was defined as extending from the pelvis to 20% of the distance between the neck and pelvis, with the gynoid region extending from 1.5 times the height of the android region inferior to the pelvis and had a height double that of the android region [20] . The thoracic region was defined as the superior segment of the trunk region bisecting at the most infero-lateral limit of the rib cage [6] . Arm regions passed through the arm sockets, while leg regions passed through the hip sockets [20] . DXA has been shown previously to provide a reliable and accurate measure of both adipose and lean tissue, with a precision error of 1.5% for lean mass and < 1.5% for fat mass [21] . Quality assurance and quality control measures were performed daily in accordance with the manufacturer's instructions.
Sputum Induction and Analysis
Sputum induction coupled with bronchial provocation using 4.5% hypertonic saline was performed over a standardised 15.5 minutes nebuliser time [22] . A decrease in FEV 1 ≥ 15% from baseline was indicative of airway hyperresponsivensss. Provocation dose (PD15) was calculated and β 2 -agonist (salbutamol 200 μg) was administered [22] . Lower respiratory sputum portions were selected and dispersed using dithiothreitol. Total cell counts and cell viability (trypan blue exclusion) were determined by haemocytometer. Differential cell counts were determined from cytospins, which were prepared, stained (May-Grunwald Geimsa) and counted from 400 non-squamous cells. Absolute cell counts were calculated in a standardised manner. For example, absolute sputum neutrophils were calculated as [(%Neutrophils/ 100) × Total Cell Count] × 1000, where the total cell count is expressed as × 10 6 cells/mL.
Serum Inflammatory Markers
Venous blood was collected after a 12-hour overnight fast. C-reactive protein (CRP) was measured in heparinised plasma using the CRP Flex ® reagent cartridge (Siemens Healthcare Diagnostics Inc., Newark USA) and automatically analysed by the Dimension Vista ® System (Siemens Healthcare Diagnostics Inc., Newark USA). The limit of quantitation was 2.9 mg/L. For samples below this limit, additional heparinised plasma was processed using the CRP Extended Range method [23] with results automatically determined using the Dimension ® System (Siemens Healthcare Diagnostics Inc., Newark USA). The analytical sensitivity of this method was 0.5 mg/L. A commercial multiplex assay was used to measure serum leptin (Bio-Rad, Hercules CA USA), with a sensitivity of 2.3 pg/mL.
Statistical Analysis
Data were analysed using a statistical software package (Intercooled Stata version 11.1, Stata Corporation, College Station TX USA) and are reported as median (interquartile range), mean ± standard deviation or % the percentage of subjects with the specified variable. Continuous data were compared by sex using the KruskalWallis test with post-hoc Wilcoxon rank sum testing or ANOVA with post-hoc two sample t-testing. Sex-specific associations between lung function and systemic inflammation, airway inflammation and body composition were determined by partial correlations adjusted for height, age and pack years. Non-parametric variables were transformed. Sex-stratified backward and forward stepwise regression was used to verify the independent effects of both central body composition (android and gynoid) and inflammation on ERV and FEV 1 /FVC, until the most parsimonious model was achieved. Due to android and thoracic mass being highly correlated, thoracic lean mass and fat mass were not entered into the regression models. Models including ERV (litres) were adjusted for height and age, and all multivariate models were ageadjusted. P-values ≤0.2 entered the multivariate model. P-values ≤0.05 were considered statistically significant.
Results
Subject Characteristics
Characteristics of the 44 subjects are presented in Table  1 . Males and females were of a similar age, however females had a significantly higher BMI (p = 0.006) and total and regional %body fat (p < 0.001). %Predicted lung function, age of asthma onset and steroid use were similar between the sexes. Males had a higher eosinophil concentration in the sputum and a significantly greater proportion were atopic (Table 1) .
Body Composition and Lung Function
There were strong inverse correlations between waist circumference and static lung function and FVC in females ( Table 2 ). There were also strong inverse correlations between both ERV and FRC versus android fat mass, thoracic fat mass and arm fat mass ( Table 2) . There was also an inverse association between FEV 1 and FVC with arm fat mass in females. Of all the body composition measurements, only %fat and total fat mass of the arms correlated with FEV 1 in females. There was no association between waist circumference or fat mass with lung function in males (Table 2) . Although fat mass was not significantly associated with lung function in males, lean mass had a significant positive relationship. Android lean mass was positively associated with static lung function, with ERV also positively associated with thoracic and gynoid lean mass (Table 2) . These associations did not reach significance for dynamic lung function measures (Table 3) . Conversely, a negative correlation between lean mass and lung function was observed in females. Total body lean mass was inversely associated with ERV, while arm lean mass was inversely associated with ERV, TLC and FVC (Tables 2 and 3 ).
Body Composition, Systemic and Airway Inflammation
Fat mass, weight and waist circumference were positively associated with serum leptin in males, while plasma CRP was negatively associated with leg lean mass ( Table 4 ). In females, both sputum %neutrophils and absolute neutrophil count were positively associated with lower body (gynoid and leg) lean mass (Table 5) . Interestingly, no association was observed between neutrophils and fat mass in males (Table 5) . Also there was also no significant association between systemic inflammation and fat mass in females (Table 5 ). However, gynoid fat mass was associated with a lower concentration of airway eosinophils and a lower provocation fall after hypertonic saline challenge (dose response slope) in females (Table 5) . Table 2 Relationship between body composition and static lung function measurements in males and females with asthma.
Males
Females In a multiple linear regression model, ERV was positively associated with android lean mass in males (Table  6 ) but not females (Table 7) . For every 100 g increase in android lean mass in males, there was a corresponding increase in ERV of 29 mL. Android fat mass was negatively associated with ERV in females ( Table 7) but not males (Table 6 ), whereby every 100 g increase in android fat mass resulted in a decrease in ERV of 20 mL. Inflammation was a more important predictor of dynamic lung function, as there was a negative relationship between FEV 1 /FVC and sputum %eosinophils in males (Table 6 ) and sputum %neutrophils in females (Table 7) . For every 1% increase in sputum %eosinophils in males and 5% increase is sputum %neutrophils in females, there was a corresponding decrease in FEV 1 / FVC of 0.6%.
Discussion
This study examined the association of lung function with body composition and systemic and airway inflammation, in overweight and obese males and females with asthma. The findings of this study demonstrate a negative mechanical effect of adipose tissue on lung function within both the android and thoracic regions, with this relationship being particularly evident in females. Interestingly, while lean mass within the android and thoracic regions was associated with improved lung function in males, it had a negative or neutral effect in females. Furthermore, the mechanical effect of obesity appears to have a more significant impact on static lung function, whereas both systemic and airway inflammation have greater impact on dynamic lung function. We also found neutrophilic airway inflammation was positively associated with gynoid and leg lean mass but not fat mass in females.
In females, we found that for every 100 g decrease in android fat mass there was a corresponding increase in ERV of 20 mL. This indicates that central fat mass reduction is an important mechanism for improving static lung function in females. However the inflammatory influences we observed indicate that the relationship between respiratory function and obesity in females is more complex. The inflammatory effect of obesity on lung function is occurring via innate Table 3 Relationship between body composition and dynamic lung function measurements in males and females with asthma.
Males (n = 19)
Females (n = 24) immune pathways, as we observed a positive association between sputum neutrophils, and lean mass, as well as lung function. This is in agreement with other authors, who show that it is not airway eosinophilia driving the association between obesity and asthma [24] [25] [26] [27] . This also supports our previous study, where we observed a positive association between sputum neutrophils and BMI in asthmatic females [4] . While other authors have reported no significant association between obesity and neutrophilic airway inflammation, they do illustrate a clear trend of increasing %neutro-phils as BMI category increases [25] [26] [27] . The lack of statistical significance in these studies may possibly be due to sex effects not being examined [25, 27] , the small sample size enrolled [25, 26] and the high variability in the measurement of sputum neutrophils. Interestingly, the positive relationship we observed in this study was between neutrophilic airway inflammation and lean mass, but not fat mass. Sood et al [28] previously observed a positive association between asthma incidence and lean mass in 1422 females who underwent body composition analysis using DXA. The authors found that asthma incidence was more strongly associated with lean mass than fat mass. The authors hypothesised that this may be due to intramyocellular lipid; that is, fat droplets within skeletal muscle that are highly metabolically active [28] . Intramyocellular lipid levels are higher in females and are highly correlated with circulating leptin and adiponectin levels [29, 30] . Therefore, although lean tissue itself is not proinflammatory, the presence of elevated intramyocellular lipid within lean tissue may exert proinflammatory effects. Interestingly, the association we observed was between airway neutrophils and lower body lean tissue. This observation suggests that the relationship may be mediated by leptin. Leptin is secreted 2-3 fold higher from subcutaneous compared with visceral adipose tissue [31] and increases activation of neutrophils via TNF-α [32] . This may explain the negative association we observed between respiratory function and lean tissue, the positive association between sputum neutrophils and lower body lean tissue and the positive trend between leptin and lower body lean tissue in females. DXA scanning cannot distinguish intramyocellular lipid from lean tissue, hence additional analysis would be required to test this CRP -C-reactive protein. Partial correlations are adjusted for height, age and pack years. * p≤0.05; ** p≤0.01; *** p≤0.001. † Provocation fall (%) ÷ provocation dose of 4.5% hypertonic saline (mL), after hypertonic saline challenge. hypothesis. However, examination of intramyocellular lipids may provide further insight into the obeseasthma association.
In contrast, we observed a positive association between central (android and thoracic) lean mass and static lung function in males. A number of DXA studies have cited a similar relationship in healthy subjects [6, 33] , with loss of lean mass an important predictor of lung function decline in the elderly [12] . We found that for every 100 g increase in android lean mass, there was a corresponding increase in ERV of 29 mL. This finding suggests an important role for central lean mass in preserving static lung function in males. Surprisingly we did not observe significant associations between fat mass and lung function in males, nor was fat mass a significant predictor of lung function in either of the regression models. This is in contrast to females, for whom fat mass was a considerable predictor of reduced lung function. This supports previous research by Sutherland et al [6] who also observed a greater effect of adipose tissue on the lung function of females compared with males. In contrast to the female subjects, there was no association between neutrophilic airway inflammation and body composition or lung function in males. We did, however, observe a weak positive association between sputum eosinophils and fat mass in males, while sputum eosinophils were a negative predictor of FEV 1 /FVC. This result has not been previously described and further examination of the role of eosinophilic airway inflammation in overweight and obese males may be warranted.
Simple anthropometric measurements such as body weight or waist circumference alone do not accurately describe body composition. We did not find body weight or waist circumference to be significantly related to dynamic or static lung function in males. We propose that this may be due to the opposing effects that lean mass and fat mass have on lung function and the fact that body weight and waist measurement cannot discriminate between these two tissue types. In females, however, both body weight and waist circumference were negatively associated with static lung function. These findings suggest that if lung function prediction equations were to be adjusted for obesity, waist circumference would be a suitable measure in females but not males. This poses a problem in males, as more accurate measures of body composition (i.e. those that quantify lean mass) are not practical within the clinical setting.
A limitation of this trial is the limited sample size and its cross-sectional nature which does not allow for the establishment of causality. However, this study has generated some novel findings that extend existing knowledge in the field and suggest an interesting direction for future research. Another limitation is that DXA is not able to differentiate between visceral and subcutaneous fat, nor can it distinguish intramyocellular lipid from lean tissue. More hazardous and expensive investigational techniques such as computerised tomography (CT) and magnetic resonance imaging (MRI) would be required to evaluate the importance of these measures of fat distribution, however would be advantageous for future trials. Finally, all subjects were within a limited BMI range (28-40 kg/m 2 ) and as such these results cannot necessarily be generalised to all individuals.
Conclusions
In conclusion, our data suggests that body composition and systemic and airway inflammation independently alter respiratory function and that these influences are sexually dimorphic in nature. We found android and upper body adiposity to be negatively associated with lung function in females, whilst lean mass in the android region was an important positive predictor of lung function in males. Our data also indicates that lean tissue is positively associated with neutrophilic airway inflammation in females, however the mechanism driving this association is uncertain. Lean tissue should be examined in depth to elucidate how this tissue may be driving neutrophilic airway inflammation and worsening lung function in females with asthma. This study has documented an interplay between distribution of lean and fat masses, airway and systemic inflammation and lung function in overweight and obese asthma. Our findings suggest that the worsened lung function known to be associated with the obese-asthma phenotype is multifactorial in origin, involving an interplay between distribution of lean and fat masses. The findings of this study also suggest that the obese-asthma phenotype is sexually dimorphic in nature and therefore sex differences must be considered in future trials. Future studies should examine whether age of asthma onset modifies these associations. Additional studies are needed to establish the clinical relevance of these findings, to assist in the management of overweight and obese asthma. 
